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I. I n t r o d u c t i o n  

Near t h e  e a r t h ,  many n a t u r a l  processes  appear t o  be dominated 

by t h e  geomagnetic f i e l d .  I n  recent  y e a r s ,  d i s c o v e r i e s  and obser -  

v a t i o n s  made by a r t i f i c i a l  s a t e l l i t e s  and spacc probcs have g r e a t l y  

extended our  knowledge of t hese  processes .  The p r o l i f e r a t  ion of such 

sbse rva t i cna  has  i n  f ec t  g r e a t l y  s t r a i n e d  our a b i l i t y  to i n t e r p r e t  

phenomena i n  t h e  l i g h t  of theory.  This s i t u a t i o n  i s  by no incans a 

new one i n  geomagnetism. For more than  h a l f  a c e n t u r y ,  i onosphe r i c  

r e sea rch  of importance t o  r a d i o  has been c l o s e l y  l i n k e d  t o  t h a t  of 

importance t o  geomagnetism. As e a r l y  as 1883, Bal four  S tewar t  (1) 

sugges ted  t h a t  i on ized  r eg ions  of the upper atmosphere might be t h e  

s i t e  of upper a i r  winds blowing t o  produce v a r y i n g  e l e c t r i c  c u r r e n t s ,  

caus ing  changes w i t h  t ime in t h e  geomagnetic f i e l d .  The p o s s i b i l i t y  

t h a t  more than  one ion ized  r eg ion  might be involved  a rose  i n  t h e  

cour se  of t h e  f u r t h e r  development of  S t ewar t ' s  dynamo theory  of t he  

geomagnetic v a r i a t i o n s .  (2) 

thought  t o  be wave r a d i a t i o n .  I n  add i t ion ,  c o n t r i b u t i o n s  of s o l a r  

charged p a r t i c l e s  t o  t h e  i o n i z a t i o n  a t  l e v e l s  n e a r  100 km w a s  d i s -  

cussed by Birkeland(3)  i n  h i s  s t u d i e s  of t h e  au ro ra l - zone  e l e c t r i c  

c u r r e n t s  caus ing  geomagnetic bays. H e  found t h a t  t h e s e  e l e c t r i c  

c u r r e n t s  m u s t ,  on occas ion ,  exceed 1,000,000 amperes, and hence 

r e q u i r e  a cons ide rab le  flow of  ion ized  p a r t i c l e s  w i t h i n  t h e  atmos- 

phere.  He a l s o  undertook experiments i n  which h e  p rope l l ed  e l e c t r o n s  

w i t h i n  an evacuated chamber toward a small magnetized t e r re l la  

s imula t ing  t h e  e a r t h  magnet. These experiments  provided photographs 

of i l l umina ted  f e a t u r e s  on t h e  t e r r e l l a  and of r i n g  c u r r e n t s  at 

h i g h e r  l e v e l s ,  which furn ished  graphic  a i d s  of i n s p i r a t i o n a l  impor- 

t a n c e  t o  t h e o r e t i c a l  workers  i n  geomagnetism and aeronomy over  t h e  

60-year per iod  t h a t  followed. The concepts  i n t roduced  by Bi rke land ,  

though based upon experiments  i n  plasma phys ics ,  were d i scussed  i n  

terms of p a r t i c l e  phys ics .  

n o t  y e t  been brought  forward, though flow of  e l e c t r i c a l  and magnet ic  

energy as e f f l u v i a  duwn geomagnetic f i e l d  l i n e s  had been p o s t u l a t e d  

i n  rudimentary form as e a r l y  as 1693, i n  d i s c u s s i o n s  of au ro ras ,  by 

The cause of t h e  i o n i z e d  r eg ions  w a s  

The f l u i d  concept of  plasma phys ics  had 
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The geometry of t h e  magnetosphere and t h e  dynamics of e n e r g e t i c  

p a r t i c l e s  and plasma t rapped  w i t h i n  i t  are d i scussed  i n  r e l a t i o n  t o  

some problems of geomagnetism. 

p a r t i c l e s  i s  d i scussed ,  and t h e  p o s s i b l e  o r i g i n s  of  e l e c t r i c  f i e l d s  

and t h e i r  r o l e s  i n  t h i s  and o the r  magnetospheric  phenomena are ou t -  

l i n e d .  It is  found t h a t  many phenomena of i n t e r e s t  may b e  newly 

Local  a c c e l e r a t i o n  of  t r apped  

i n t e r p r e t e d  i n  terms of  a s l i g h t  ex tens ion  of t h e  o r i g i n a l  C h a p a n - -  
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Hal l ey  and o t h e r s .  It i s  t h e r e f o r e  c l e a r  t h a t  some e a r l y  s t u d i e s  i n  

geomagnetism provided fundamental c o n t r i b u t i o n s  t o  ionosphe r i c  

r e s e a r c h .  S ince  sane geanagnet ic  t i m e  v a r i a t i o n s  arise from va ry ing  

c u r r e n t s  flowing i n  t h e  ionosphere,  and are dynamic m a n i f e s t a t i o n s  

of t h e  ionosphere  i n  motion, measurements of t h e  geomagnetic 

v a r i a t i o n s  supplement t h e  informat ion obta ined  from ionosphe r i c  

soundings. 

come f r a n  t h e  e x p l o r a t i o n  of  t h e  ionosphere by means of r a d i o  waves, 

p ropagated  both  upwards from t h e  ground and downward from e a r t h  

s a t e l l i t e s  moving above. I o n i z a t i o n  h a s  a l s o  been measured d i r e c t l y  

by rocke t -borne  ins t ruments .  

b e l t s  and t h e i r  subsequent exp lo ra t ion  by a r t i f i c i a l  s a t e l l i t e s  and 

space  probes added a new dimension t o  t h e  problems of i n t e r e s t  t o  

geomagnetism. The i n t e r a c t i o n s  between t h e  ionosphere and t rapped  

e n e r g e t i c  p a r t i c l e s  came t o  be recognized, and t h e  e l ec t romagne t i c  

e f f e c t s  of  e n e r g e t i c  plasmas imbedded I n  t h e  geomagnetic f i e l d  

p r e s e n t l y  p lay  an important r o l e  i n  t h e o r e t i c a l  s t u d i e s  of geomagnetism 

and t h e  ionosphere.  

Of C G - G S ~ ,  m a t  cf cur knmledge ef t h e  icnesphere bes 

The d iscovery  of  t h e  Van Al l en  r a d i a t i o n  

It w i l l  be  t h e  a i m  of t h e  present  paper t o  summarize and d i s c u s s  

our c u r r e n t  unders tanding  of  a few s e l e c t e d  a s p e c t s  of geomagnetism. 

Note i s  f i r s t  t aken  of t h e  s o l a r  streams of  Chapnan and F e r r a r ~ ‘ ~ )  or 

of t h e s e  superposed i n  t i m e  and space, c o n s t i t u t i n g  a s o l a r  wind. 

The i n t e r a c t i o n  of a s o l a r  s t r e a m w i t h  t h e  magnetosphere i s  next  

d i s c u s s e d ,  w i th  s p e c i a l  a t t e n t i o n  t o  i n j e c t i o n  and a c c e l e r a t i o n  of 

s o l a r  stream plasma along t h e  n igh t t ime  boundary of t h e  magnetosphere. 

C o n t r i b u t i o n s  of  hydromagnetic shock waves t o  t h e  energy of t h e  

p a r t i c l e s  i n  t h e  magnetosphere a r e  a l s o  very b r i e f l y  noted  fo l lowing  

Dessler, Hanson and Parker ,  (7)  Kern, (8) Kellogg, and o t h e r s .  The 

( 5 , 6 )  

p r e c i p i t a t i o n  of par t ic les  i n t o  high l a t i t u d e s  t o  produce r a d i o  
b l a c k o u t s  d i scussed  by Wells, ( l  O) Agy , (’ ) H akur a,  (12) Matsush i t a ,  (13) 

and o t h e r s ,  i s  cons idered  toge the r  wi th  t h e  a u r o r a l  and e l e c t r o j e t  

t h e o r i e s  o f  Martyn, (14) Nagat a, (I5) Fukushima, ( I6 )  Kern, 

and S w i f t .  

(”)  Fe j e r  , (18) 

(1 9) 

Associa ted  motions of  t h e  ionosphere,  e s p e c i a l l y  t h e  F-region, 
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are noted a long  wi th  p u l s a t i o n s  i n  t h e  geomagnetic f i e l d  and conjugate-  

po in t  phenomena. 

a l s o  be noted wi th  p a r t i c u l a r  r e f e r e n c e  t o  t h e  s t u d i e s  of  R a t c l i f f e ,  

Hirono and Maeda, 

dynamo t h e o r i e s  of t h e  E-region. 

by Vestine (22) and Wulf (23) t h a t  t h e  dynamo theo ry  o r  f l u i d  mechanics 

o f  t h e  magnetosphere might g i v e  r ise  t o  magnet ic  d i s t u r b a n c e s ,  

through s e p a r a t i o n  of charge by ionosphe r i c  motions such as zona l  

winds,  with a consequent gene ra t ion  of e l e c t r i c  f i e l d s  and a c c e l e r -  

a t i o n s  of  p a r t i c l e s  i n  t h e  po la r  ionosphere.  Ves t ine  a l s o  sugges ted  

t h a t  hydromagnetic waves might be propagated w i t h i n  s o l a r  streams 

from sun t o  e a r t h ,  e v e n t u a l l y  producing e f f e c t s  a t  ground l e v e l .  

Some more r e c e n t  e l a b o r a t i o n s  of  t h i s  i d e a  are d i scussed .  The 

hydromagnetic t r ea tmen t  of  magnetospheric  phenomena i s  a l s o  d i s -  

cussed b r i e f l y ,  fol lowing Axford and Hines.  

F- reg ion  e f f e c t s  on magne t i ca l ly  q u i e t  days w i l l  
(20) 

and o t h e r s ;  inc luded  w i l l  be  some remarks on (21) 

We w i l l  d i s c u s s  e a r l y  sugges t ions  

( 2 2 )  

(24) 

11. Geomagnetic and Ionospher ic  Dis turbances  Assoc ia ted  w i t h  

Solar  Streams 

It is w e l l  known t h a t  d i s tu rbances  at ionosphe r i c  l e v e l s ,  such 

as magnetic c roche t s  and s o l a r  r a d i o  b l ackou t s  are o f t e n  s u c c e s s f u l l y  

l inked  t o  s o l a r  f l a r e s .  (25) It  i s  a l s o  w e l l  known t h a t  o t h e r  ionos-  

phe r i c  d i s tu rbances ,  and geomagnetic and a u r o r a l  e f f e c t s  appear a 

day or so af ter  a s o l a r  f l a r e .  T h i s  t i m e  i n t e r v a l  corresponds t o  

t h e  t r a v e l  times of p a r t i c l e s  of a few hundred e l e c t r o n  v o l t s  between 

t h e  sun and t h e  e a r t h .  During g r e a t  s o l a r  f l a r e s ,  p ro tons  and o t h e r  

p a r t i c l e s  w i t h  ene rg ie s  approaching t e n s  o f  b i l l i o n s  of e l e c t r o n  

v o l t s  are  known t o  a r r i v e  a t  ionosphe r i c  levels. These produce 

p o l a r  r ad io  b lackouts ,  which appear  a number of days each y e a r .  

occasion,  p a r t i c l e s  presumably of s o l a r  o r i g i n  have p e n e t r a t e d  t o  

ground l e v e l ,  even a t  t h e  equa to r ,  where t h e  energy requi rements  

f o r  pene t r a t ion  are extreme. These s p e c t a c u l a r  e f f e c t s  o f  h igh -  

energy particles,  though ve ry  i n t e r e s t i n g ,  c o n t r i b u t e  a much smaller 

t o t a l  energy than  do t h e  l a r g e  numbers of lower energy p a r t i c l e s  

impinging on t h e  ionosphere.  

acqui red  energy i n  o r  nea r  t h e  a c t i v e  s o l a r  r e g i o n s  i n  some manner 

n o t  ye t  understood. U n t i l  r e c e n t l y  even low energy p a r t i c l e s  

On 

The lat ter are thought  of  as having  
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i n c i d e n t  on t h e  atmosphere were thought t o  cane d i r e c t l y  from t h e  

sun. But t h e  energy f luxes  of such low energy p a r t i c l e s  measured 

w i t h i n  t h e  terrestr ia l  atmosphere exceeds those  expected from t h e  

r e s u l t s  of space probes ou t s ide  the magnetosphere; t h e r e f o r e ,  a 

mechanism f o r  a c c e l e r a t i n g  p a r t i c l e s  w i t h i n  t h e  magnetosphere seems 

necessary .  P a r t i c l e s  such as those observed over some months by 

Mariner  I1 i n  i t s  f l i g h t  t o  Venus have t r a v e l  t i m e s  of about a day 

between the sun and t h e  e a r t h ,  and t h e  p a r t i c l e  f luxes  resemble 

(though no t  i n  d e t a i l )  t h e  s o l a r  o u t f l o w s  p o s t u l a t e d  long ago by 

C h a p a n  and Fe r ra ro .  (4 1 

111, The Chaman-Ferraro Theory 

F igu re  1 shows an i d e a l i z e d  so la r - s t r eam c o n s i s t i n g  of  ions  and 

e l e c t r o n s  wi th  tempera tures  of a few t e n s  of e l e c t r o n  v o l t s  i n t e r -  

a c t i n g  wi th  t h e  geomagnetic f i e l d ,  as imagined by Chapman and 

Fe r ra ro .  The p a r t i c l e s  i n  t h e  stream move r a d i a l l y  outwards f r a n  

t h e  sun,  and success ive  f aces  of the  stream are shown. The i n t e r -  

a c t i o n  of a s o l a r  s t ream wi th  t h e  magnetosphere i s  shown aga in  i n  

Fig.  2. The geomagnetic f i e l d  and i t s  con ten t s  are compressed, 

and t h e  s o l a r  stream passes  by on a l l  s i d e s .  

p a r t i c l e s  might e n t e r  t h e  magnetosphere on t h e  day s i d e  a t  two 

s i n g u l a r  p o i n t s ,  one i n  high nor thern  and t h e  o t h e r  i n  high southern  

l a t i t u d e s .  The f i g u r e  a l s o  shows e l e c t r i c  charges  d i s t r i b u t e d  on t h e  

boundary on t h e  n i g h t  s i d e .  

rise t o  an eastward d i r e c t e d  e l e c t r i c  f i e l d .  Crossed w i t h  t h e  

u p a r d  d i r e c t e d  f i e l d  l i n e s  of the t e r res t r ia l  d i p o l e  (at t h e  

e q u a t o r ) ,  such an e l e c t r i c  f i e l d  would d r i v e  p a r t i c l e s  towards t h e  

e a r t h  and i n t o  t h e  magnetosphere and r a d i a t i o n  b e l t s .  

cons ide r  t h i s  charge  d i s t r i b u t i o n  later i n  connec t ion  w i t h  t h e  

r e s u l t s  of Explorer  X I V  f o r  e l e c t r o n  f luxes  i n  t h e  n igh t t ime  

magnetosphere. 

It was sugges ted  t h a t  

This  charge  d i s t r i b u t i o n  w i l l  g i v e  

We s h a l l  

S ince  some magnet ic  d i s turbances  are measured at  ground level 

every day, streams of vary ing  dens i ty  and p a r t i c l e  ene rg ie s  are 

probable .  Thus, s o l a r  streams nust  b e  considered as i r r e g u l a r ,  
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and t h e i r  i n t e r a c t i o n s  w i t h  t h e  magnetosphere are probably n o n l i n e a r ,  

even f o r  t he  i n i t i a l  phase of  a s torm t h a t  was worked ou t  a n a l y t i c a l l y  

by Chapan  and Fe r ra ro .  T h i s  c i rcumstance has  been d i scussed  by 

Parker ,  ( 5 )  Obayaehi , (26) E l l i o t t ,  (27) R o s s i ,  (28) and o t h e r s ,  

though without  much a n a l y t i c a l  d e t a i l  because of  t h e  i n h e r e n t  

d i f f i c u l t y  o f  t h e  problem. 

t h a t  confirmed some d e t a i l s  of  t h e  e a r l y  work w a s  provided by t h e  

information on i n t e r p l a n e t a r y  plasmas and f i e l d s  ob ta ined  

aboard Explorer X, (29) and subsequent ly  by Mariner  I1 obse rva t ions  

between the e a r t h  and Venus, r e p o r t e d  by Neugebauer and Snyder.  

F igu re  3 shows a quie t -day  p a t t e r n  of  magnet ic  f i e l d  l i n e s  f o r  a 

300 km/sec s o l a r  wind. (31) Both t h e  f r o n t  of  a s o l a r  stream and 

any magnetic f i e l d s  c a r r i e d  r a d i a l l y  outward by t h e  stream become 

s p i r a l  i n  form -- a consequence of t h e  27-day s o l a r  r o t a t i o n .  

Consider  a s i n g l e  f i l amen t  A, which w e  r ega rd  as a r eg ion  of  

enhanced dens i ty  i n  t h e  g e n e r a l  plasma f low from t h e  sun. A s  i t  

over takes  t h e  e a r t h  each 27 days,  it w i l l  i n c r e a s e  t h e  compression 

on t h e  magnetosphere, w i t h i n  which d i s t u r b a n c e s  t h a t  resemble one 

another  in  sane respect w i l l  r e c u r  every  27 days.  

k ind  w i l l  e x p l a i n  r ecu r rence  t endenc ie s  f o r  i onosphe r i c  s torms ,  

geomagnetic d i s tu rbances  , and au ro ra  a t  roughly 27-day i n t e r v a l s .  

A poss ib le  s imple 27-day r ecu r rence  of  t h i s  t y p e  nea r  sunspot  

minimum is shown i n  Fig.  4 f o r  s i x  s o l a r  r o t a t i o n s  from September 

1943 t o  February 1944. (32) 

hour near midnight ,  if assumed a s s o c i a t e d  w i t h  a d e n s i t y  i n c r e a s e  

such as for  A of F ig .  3, would imply a h i g h l y  p e r s i s t e n t  and 

stable f e a t u r e  o f  the  solar wind -- a narrow f i lament .  The 

advancing f ace  of  A a t  t h e  e a r t h  w i l l  move w i t h  an angular  v e l o c i t y  

depending on t h e  rate of s o l a r  r o t a t i o n ,  and t h e  d i s t a n c e  r from 

the  sun. 

t i m e  cons tan ts  of e f f e c t s  due t o  t h e  stream f i l a m e n t ) ,  w e  can 

e s t i m a t e  i t s  c r o s s  s e c t i o n  4. 

A s u b s t a n t i a l  advance i n  informat ion  

(30) 

Amodel  of  t h i s  

The l a r g e  p u l s e  endur ing  about  one 

I f  t h e  f i lament  passes  t h e  e a r t h  w i t h i n  an hour (neg lec t ing  

Taking t h e  s o l a r  r o t a t i o n  p e r i o d  t o  
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8 6 b e  27 days = 648 hour s ,  d = (1/648) x 2.rr x 1 .5  x 10  

T h i s  s m a l l  f i l amen t  t h i ckness  i s  much less t h a n  a mean f r e e  pa th  i n  

t h e  i n t e r p l a n e t a r y  medium, so t h a t  p r e s e r v a t i o n  of such a f i l amen t  

would r e q u i r e  a remarkably s t a b l e  s t r u c t u r e  of t h e  stream. 

km - 1.5 x 10 km. 

The a r r i v a l  at  t h e  e a r t h  of high-energy p a r t i c l e s  from g r e a t  

s o l a r  f l a r e s  i s  o f t e n  a s s o c i a t e d  with a Forbush dec rease  i n  g a l a c t i c  

cnsmic r a y s i  
i n  t h e  d i s t r i b u t i o n  of t h e  i n t e r p l a n e t a r y  plasma and magnetic f i e l d .  (27 , 33) 

This decrease appears t o  be  brought &cut  by a chGcge 

I V .  Magnetosphere Boundary 

The c a l c u l a t i o n s  of Chapman and F e r r a r o  r e l a t i n g  t o  t h e  boundary 
(34,35,36) of  t h e  magnetosphere have been extended by a number of workers,  

who used v a r i o u s  s i m p l i f y i n g  assumptions. F igu re  5 shows r e s u l t s  

based  on c a l c u l a t i o n s  of S p r e i t e r  and Briggs (34) fo r  a d i p o l e  e a r t h  

i n c l i n e d  t o  a s o l a r  stream. 

Consider t h e  d i s t r i b u t i o n  of charge near  t h e  boundary of F ig .  2. 

It arises,  accord ing  t o  t h e  Chapman-Ferraro theo ry  of 1933, from 

t h e  e lec t r ic  f i e l d  t h e r e  given by E = - v x E, where v i s  t h e  

component of t h e  s o l a r  s t r eam v e l o c i t y  tangent  t o  t h e  boundary and 

- B t h e  l o c a l  magnetic f i e l d .  It can b e  shown t h a t  E depends more upon 

t h e  v e l o c i t y  of  t h e  s o l a r  stream than upon t h e  stream dens i ty .  

C h a p a n  and F e r r a r o  a l s o  showed t h a t  t h i s  e f f e c t  i s  t o  be expected 

under widely d i f f e r e n t  c o n d i t i o n s  of nonuniformity i n  f i e l d  and 

v e l o c i t y .  More r e c e n t l y  they have cons idered  t h a t  a deeper p e n e t r a t i o n  

by pro tons  than  by e l e c t r o n s  i s  expected a t  t h e  boundary, r e s u l t i n g  i n  

a charge  s e p a r a t i o n  a s s o c i a t e d  w i t h  t h e  canponent of  v normal t o  t h e  

boundary. Near t h e  e q u a t o r i a l  plane where t h e  geometry i s  comparatively 

s imple ,  t h e  t a n g e n t i a l  component of t h e  stream leads  t o  a p o s i t i v e  

cha rge  d i s t r i b u t i o n  on t h e  morning s i d e  of  t h e  c a v i t y ,  and a d i s t r i b u t i o n  

of nega t ive  charges  on t h e  evening s i d e  of t h e  cav i ty .  We can r ega rd  

t h i s  arrangement as a huge p a r a l l e l  p l a t e  condenser,  w i th  a d i e l e c t r i c  

c o n s t a n t  e .  The v a l u e  of i s  nonuniform w i t h i n  t h e  c a v i t y ,  s i n c e  
2 2  

it i s  g iven  by E = 1 + 4*mc /B 
plasma ions ,  m t h e  mass of a plasma ion ,  and B i s  t h e  magnetic f i e l d .  

The e lec t r ic  f i e l d  l i n e s  w i t h i n  t h e  c a v i t y  must be or thogonal  t o  

-t -t 

where N i s  t h e  number d e n s i t y  of 
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t h o s e  of  the geomagnetic f i e l d ,  due t o  t h e  high c o n d u c t i v i t y  a long B. 

They w i l l  be roughly perpendicular  t o  t h e  p lane  of t h e  midnight  

mer id ian  a t  g r e a t  d i s t a n c e s  from t h e  e a r t h  on t h e  n i g h t  s i d e ,  and 

d i r e c t e d  eastward from t h e  dawn t o  the  evening s ide .  S ince  B i s  

p a r a l l e l  t o  t h e  magnetospheric  boundary, t h e  e l e c t r i c  f i e l d  must be 

perpendicular  t o  t h e  boundary. The d i s t r i b u t i o n  of t h e  e l e c t r i c  f i e l d  

w i t h i n  the  magnetosphere w i l l  be  determined by t h e  d i e l e c t r i c  cons t an t .  

Hence, the  e lec t r ic  f i e l d  w i l l  be concen t r a t ed  i n  r e g i o n s  of h ighe r  

e;  i . e . ,  i n  magnetospheric  r eg ions  where B i s  smaller, o r  i n  r eg ions  

of h igher  N. 

The e l e c t r i c  charge d i s t r i b u t i o n  shown t e n t a t i v e l y  i n  F ig .  2, 

w i l l  c l e a r l y  a f f e c t  charged p a r t i c l e s  w i t h i n  t h e  magnetosphere,  and i t  

may inf luence  t h e  l o c a t i o n s  and i n t e n s i t i e s  of i onosphe r i c  c u r r e n t  

sys t ems .  The d i s t r i b u t i o n  of charged p a r t i c l e s  i n  t h e  t a i l  of t h e  

magnetosphere w i l l  depend d i r e c t l y  on t h e  c o n f i g u r a t i o n  o f  t h e  

e l e c t r i c  f i e l d .  F igure  6 shaws r e c e n t  r e s u l t s  of Frank,  Van Al l en ,  

and Macagno (37) on t h e  f l u x  d e n s i t i e s  of e l e c t r o n s  of energy g r e a t e r  

t h a n  40 kev observed on Explorer  X I 1  and Explorer  XIV.  Note t h a t  

t h e r e  i s  a d e a r t h  of e n e r g e t i c  e l e c t r o n s  beyond about 8 e a r t h - r a d i i  

a long  the  c e n t r a l  axis of t h e  t a i l .  I n  t h e  absence of p a r t i c l e  

sou rces ,  the d i r e c t i o n  of E x B d r i f t  as i n f e r r e d  from t h e  foregoing  

and from measurements of 

earthward v e l o c i t y  E /B ,  sweeping p a r t i c l e s  from t h e  c e n t r a l  r eg ion  

of t h e  t a i l .  It might a l s o  be expected t h a t  t h e  con tour s  of equa l  

f l u x  i n t e n s i t y  would be stream l i n e s  f o r  E x d r i f t  a long  e l e c t r o -  

s t a t i c  e q u i p o t e n t i a l s .  

conserved dur ing  such E x 

d r i v e n  earthward i n t o  a s t r o n g e r  magnet ic  f i e l d  they  are a l s o  

acce le ra t ed .  I n d i v i d u a l  charged p a r t i c l e s  of low energy would be  

d i r e c t e d  ear thward a long  t r a j e c t o r i e s  t h a t  c l o s e l y  approach t h e  

e a r t h ,  whereas t h e  motion of i n d i v i d u a l  p a r t i c l e s  of  h i g h e r  energy 

would be dominated by t h e  inhomogeneous magnet ic  f i e l d ,  and they  

would t r a v e l  only p a r t  of  t h e  way ear thward.  The more e n e r g e t i c  

p a r t i c l e s  might even tua l ly  e n c i r c l e  t h e  e a r t h  i n  response  t o  magnet ic  

(38)-is l i k e l y  t o  be  such as t o  g ive  an 

The magnet ic  moments of p a r t i c l e s  w i l l  be  

d r i f t ,  so  t h a t  as t h e  p a r t i c l e s  are 
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g r a d i e n t  d r i f t .  Continued a c c e l e r a t i o n  by t h e  e l e c t r i c  f i e l d  i s  

then  p o s s i b l e  i f  t h e  e l e c t r i c  f i e l d  has  a smaller component tangent  

t o  d r i f t  o r b i t s  on t h e  day s i d e  than on t h e  n i g h t  s i d e .  A s  has  been 

o f t e n  done b e f o r e ,  i t  seems necessary t o  suppose t h a t  plasma somehow 

c r o s s e s  t h e  magnetospheric boundary from t h e  s o l a r  stream, perhaps 

due t o  u n s t a b l e  r i p p l e s  a r i s i n g  i n  t h e  boundary f a r  out a long  t h e  

t a i l .  (15) The impor tan t  Helmholtz i n s t a b i l i t y  o f  a p lasma moving 

i n  c o n t a c t  w i t h  a magnetic f i e l d  was cons idered  by Northrup, (39) who 

showed t h a t  growing i r r e g u l a r i t i e s  might occur.  

sugges ted  t h a t  t h e  sunward boundary of t h e  magnetosphere i s  s t a b l e .  

Far  out a long  t h e  n igh t t ime  boundary, however, i t  seems l i k e l y  t h a t  

f l u c t u a t i o n s  i n  t h e  s o l a r  s t ream should g i v e  r i se  t o  exponen t i a l  

growth of  i r r e g u l a r i t i e s  i n  the  boundary, much as  i n  t h e  c a s e  of  

'n as Eessier (40) 

a u r o r a l  c u r t a i n s  and a r c s  d iscussed  by Kern and Ves t ine .  (41) D i s -  

r up ted  i r r e g u l a r i t i e s  o r  f l u t e s  might remain i n s i d e  t h e  r a p i d l y  

moving .boundary of t h e  magnetosphere as plasmoids. Once i n s i d e  they  

shou ld  stream inward c l o s e  t o  t h e  boundary, poss ib ly  p a r a l l e l  t o  t h e  

con tour s  of equa l  e l e c t r o n  f l u x  shown i n  Fig.  6 by Van Al l en  and h i s  

c o l l e a g u e s .  

( i n c r e a s i n g  B )  w i l l  fo l low.  

t o  t h e  i o n i z a t i o n  of t h e  p o l a r  ionosphere, as has  been remarked by 

Hines.  

f i e l d ,  and provides  exper imenta l  support f o r  t h e  e x i s t e n c e  of t h e  

An a d i a b a t i c  h e a t i n g  of such plasmoids by compression 

Loss of  energy from them w i l l  c o n t r i b u t e  

F igu re  7 shows t h e  p o l a r i z a t i o n  of an i o n  beam i n  a magnetic 

o r i g i n a l  boundary-charge d i s t r i b u t i o n  of Chapman and Fe r ra ro .  (42) 

W e  can e s t i m a t e  charge d e n s i t i e s  f o r  t h e  boundary r e g i o n  of t h e  

magnetosphere. The p o l a r i z a t i o n  e l e c t r i c  f i e l d  i s  ( l / c )  x o r  i f  

B = 10 emu and t h e  t a n g e n t i a l  ve loc i ty  v = 10 , t h e  f i e l d  r e q u i r e d  
4 4 4 i s  ( l / c )  10  e su  o r  10  emu. An e l e c t r i c  f i e l d  of about 10  emu/cm 

a c r o s s  t h e  t a i l  of  t h e  magnetosphere w i l l  produce motions w i t h  

v e l o c i t i e s  o f  t h e  o rde r  of 10  

v e l o c i t y  of t h e  s o l a r  stream. This f i e l d  r e q u i r e s  a p o t e n t i a l  

d i f f e r e n c e  o f  Ed a c r o s s  t h e  "condenser." 

at  t h e  boundary, 0 ,  i s  then  (1/47r)&, o r  CJ = ( 1 / 4 m )  x 10 E. 

e = 1,000, 0 % 10  /c i n  esu .  
4 2  

p a r t i c l e s  pe r  u n i t  area of t h e  boundary as about 6 x 10  /cm . 

- 3  8 

8 cm/sec, cor responding  t o  t h e  t a n g e n t i a l  

The s u r f a c e  charge  d e n s i t y  
4 If 

6 This  g ives  t h e  number of  charged 

T h i s  
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s u r f a c e  charge may be cons ide red  d i s t r i b u t e d  over a c o n s i d e r a b l e  

th ickness  of boundary. For i n s t a n c e  t h e  s p i r a l  r a d i u s  of a p ro ton  

i s  about 100 km when B i s  about l O O y  (one gamma = 10 cgs u n i t ) .  

The p o l a r i z a t i o n  e l e c t r i c  f i e l d  could be provided by about 6 x 10  

protons/cm 

-5 

-3  

3 i n  such a boundary region. 

Although, from Explorer  XIV o b s e r v a t i o n s ,  C a h i l l  h a s  found 

sane depar tures  i n  t h e  d i r e c t i o n  of t h e  e a r t h ' s  f i e l d  from t h a t  of  

a d ipole ,  t h e  magnitude i s  c l o s e l y  approximated by a d i p o l e  even 

beyond e igh t  o r  more e a r t h  r a d i i .  (38) Thus i f  E = 10  emu, B = 10 

and w e  assume 40 kev p a r t i c l e s ,  w e  have an e l e c t r i c  d r i f t  o f  

V 

E x E .  
appears para l le l  t o  E. 
- = 10  emu/sec, and p ro tons  would d r i f t  p a r a l l e l  t o  E w i t h  t h e  

speed 10/9580 x - 10 cm/sec, o r  km/sec. E l e c t r o n s  d r i f t  

a n e g l i g i b l e  m o u n t  by comparison. 

4 -3 , 

= E/B = 100 km/sec under s t a t i c  c o n d i t i o n s ,  i n  t h e  d i r e c t i o n  
2 2 '  If E v a r i e s  w i t h  t h e  t ime ,  a p o l a r i z a t i o n  d r i f t  V =(mc /eB )E 

E 

-P - 
If w e  imagine E t o  deve lop  i n  100 s e c ,  s ay ,  

3 

A curva ture  d r i f t  i s  oppos i t e  i n  d i r e c t i o n  f o r  e l e c t r o n s  and 
9 protons ,  and fo r  a r a d i u s  of c u r v a t u r e  of f i e l d  l i n e  of  about  4 x 10 cm 

g ives  about 20 km/sec f o r  pro tons  (less f o r  e l e c t r o n s ) .  A magnetic- 

f i e l d  grad ien t  d r i f t  i s  about 40 km/sec, and t h e  s i g n  i s  o p p o s i t e  

fo r  protons and e l e c t r o n s .  

of order km/sec, perhaps. 

A d r i f t  due t o  g r a v i t y  i s  v e r y  small -- 

An i n j e c t e d  plasmoid w i l l  t h e r e f o r e  d r i f t  r a p i d l y  ear thward  a t  

roughly t h e  t a n g e n t i a l  v e l o c i t y  of t h e  s o l a r  stream n e g o t i a t i n g  a 

number of  e a r t h  r a d i i  i n  a few minutes ,  and t h e  t r a j e c t o r i e s  of 

i nd iv idua l  p a r t i c l e s  w i l l  show a s e n s i b l e  s h i f t  o f  p o s i t i v e  i o n s  t o  

t h e  west and of e l e c t r o n s  t o  t h e  east. 

V. Dynamics and Par t ic le  A c c e l e r a t i o n  i n  t h e  Magnetosphere 

Recent obse rva t ions  of t h e  s o l a r  wind, made by Mariner 11, have 

f a i l e d  t o  show e n e r g e t i c  e l e c t r o n s  i n  t h e  q u a n t i t y  r e q u i r e d  t o  

produce au ro ras ,  and i n s u f f i c i e n t  energy f l u x e s  t o  produce t h e  po la r  

c u r r e n t  sys tems of geomagnetic d i s t u r b a n c e s .  (37) S i n c e  measurements 

were made en  r o u t e  t o  Venus, and t h e r e f o r e  survey much of  t h e  r e g i o n  
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near  t h e  e a r t h ' s  o r b i t ,  i t  seems necessary  t o  invoke a magnetospheric 

mechanism t h a t  can accelerate a p a r t  of t h e  e x i s t i n g  charged p a r t i c l e s  

of t h e  exosphere. The a l t e r n a t i v e  p o s s i b i l i t y  of  a c c e l e r a t i n g  

p a r t i c l e s  by an atmospheric process h a s  been cons idered  by previous 

s t u d i e s ,  wi thout  f i n d i n g  a workable mechanism. (17'43) It  h a s ,  i n  

f a c t ,  been suggested y e a r s  ago t h a t  dynamo e f f e c t s  i n  t h e  ionosphere 
might c o n t r i b u t e  e l e c t r i c  f i e l d s  o f  i n t e r e s t  i n  t h i s  connect ion.  (22,23) 

I n  r e c e n t  years  t h e s e  atmospheric f luid-motion concepts  have been 

a, ,yALbu .......I .i nrl in c ~ n s i d c r & l y  g r e a t e r  ge~erality tc t h e  whcle magnetes-here l J L L  7 

assuming energ iz ing  t o  ensue under t h e  i n f l u e n c e  of  t h e  impinging 

s o l a r  wind. (24) The genera t ion  of f l u i d  motions by i n t e r a c t i o n  o f  

a s o l a r  stream wi th  t h e  magnetosphere, hydrodynamic waves (shock 

waves) w i t h i n  s o l a r  streams flowing from sun t o  e a r t h ,  and t h e  hydro- 

magnetic aspec ts  of s torms,  had i n  fact been d i s c u s s e d  by Ves t ine  

i n  1954 but  l e f t  undeveloped. (22) T h i s  type  o f  theory  r e a l l y  emerged 
through t h e  d e t a i l e d  s t u d i e s  by Dungey, ( 4 4 )  Piddington ,  (45) 

Parker,(46) Dessler and Parker  , ( 4 7 )  Cole,  (6  1 and, as has  a l r e a d y  

been noted ,  i n  t h e  comprehensive s ta tements  of Gold,  ( 4 8 )  and Axford 

and Hines. (24 )  

f i e l d s  f rozen i n t o  plasma seems t o  have a r i s e n  from storm theory 

i n  works of Fer raro ,  and later by Alfve'n. Because of extreme 

a n a l y t i c a l  d i f f i c u l t i e s ,  many of t h e  v a r i o u s  sugges t ions  cannot 

r e a d i l y  be  t e s t e d  by s p e c i f i c  and d e t a i l e d  c a l c u l a t i o n s  as w a s  

done for t h e  i n i t i a l  phase of storms by Chapman and F e r r a r o .  

Accordingly,  i t  appears l i k e l y  t h a t  major c l a r i f i c a t i o n s  of t h e  

magnetosphere--ionosphere i n t e r a c t i o n s  w i l l  fo l low r o c k e t ,  s a t e l l i t e  

and space-probe measurements of p a r t i c l e  f l u x e s ,  f i e l d s ,  and 

composition of t h e  upper atmosphere and magnetosphere.  

Even ear l ie r ,  the fundamental concept of magnet ic  

There have been r e c e n t  suggest ions regard ing  t h e  a c c e l e r a t i o n  

o f  p a r t i c l e s ,  us ing  concepts of f l u i d  mechanics. One of t h e  more 

i n t e r e s t i n g  approaches is t h a t  of a c c e l e r a t i n g  charged p a r t i c l e s  by 

hydromagnetic shock waves wi th in  t h e  magnetosphere. 

There i s  today some u n c e r t a i n t y  r e s p e c t i n g  t h e  r o l e  of shock waves 

i n  producing more than  t h e  sudden commencement of s torms,  because 

(7,8,23,42-51) 
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t h e  var ious  space probes have n o t  d i scovered  s u f f i c i e n t l y  accentua ted  

wave f r o n t s  o f  p o t e n t i a l  shock waves i n s i d e  t h e  magnetosphere. How- 
e v e r ,  t h e  d e s c r i p t i o n  o f  t h e  sudden commencement as a hydromagnetic 

(4,47,48,50,51) 
shock wave remains cogent.  

The processes  of  a c c e l e r a t i o n  a c t u a l l y  o p e r a t i v e  are of  

cons iderable  i n t e r e s t  t o  r a d i o  workers ,  because p a r t i c l e s  are pre-  

sumably dumped from above and i n t o  t h e  ionosphere.  According t o  

Kern, (17) t h e  i n t e r a c t i o n  of a s o l a r  stream w i t h  t h e  magnetosphere 

may g i v e  r ise  t o  nonequi l ibr ium d i s t r i b u t i o n s  of  e n e r g e t i c  t rapped  

p a r t i c l e s  so t h a t  e l e c t r o n s  and ions  s e p a r a t e  (due t o  g r a d i e n t  and 

c u r v a t u r e  d r i f t s  i n  t h e  nonyniform magnet ic  f i e l d ) .  Such charge  

s e p a r a t i o n  i n  t h e  t rapped  r a d i a t i o n  g i v e s  r i s e  t o  e l e c t r i c  f i e l d s  

i n  a u r o r a l  regions.  As shown i n  F ig .  8, t h e s e  d r i v e  t h e  e l e c t r o j e t s  

of bays and cause dumping of  t rapped  p a r t i c l e s  t h a t  produce r a d i o  

b lackouts  i n  h igh  l a t i t u d e s  such as those  d e s c r i b e d  by Wells ( lo )  and 

o t h e r s .  

Cole(6)  i n  c r i t i c i sm of  P i d d i n g t o n ' s  series of papers on storms. 

These p o i n t s  have a l s o  been d iscussed  by F e j e r ,  (18) and by 

The r e s u l t i n g  e l e c t r i c  f i e l d s  i n  t h e  E-region of t h e  nor thern  

hemisphere w i l l  n e c e s s a r i l y  have a conjugate  p a t t e r n  i n  t h e  southern  

hemisphere. 

must act  across  a segment o f  t h e  ionosphere as shown i n  F ig .  9, due 

t o  F e j e r .  (18) 

conjugate  e l e c t r o j e t s  a t  both a u r o r a l  zones,  a poin t  noted ear l ie r  

by Kern and Vest ine.  

above conjugate  n o r t h e r n  and southern  p o i n t s  jo ined  by a geomagnetic 

f i e l d  l i n e ,  a u r o r a  may appear a t  one s t a t i o n  and n o t  a t  i t s  conjugate  

Also t h e  e l e c t r i c  c o n d u c t i v i t i e s  may d i f f e r  i n  t h e  two hemispheres, 

S O  t h a t  a weak bay i n  one hemisphere may be  accompanied by a s t r o n g  

bay i n  t h e  o t h e r .  I n  t h e  same way, r a d i o  b l a c k o u t s  may appear 

s t r o n g l y  i n  t h e  hemisphere where m i r r o r  p o i n t s  are low near  t h e  

e l e c t r o j e t ,  and n o t  at a l l  i n  t h e  o t h e r  hemisphere where m i r r o r -  

p o i n t  h e i g h t s  are more e l e v a t e d  above ground level. T h i s  s i t u a t i o n  

a l s o  a p p l i e s  t o  t h e  f lux- tube  dynamics of  Axford and Hines,  and 

should be  considered i n  d i s c u s s i n g  t h e  e f f e c t s  of in te rchange  motions 

i n  t h e  magnetosphere. 

The d r i v i n g  emf's, whether nor th-south  o r  o therwise ,  

\ 

We see t h a t  t h e  e l ec t r i c  d r i v i n g  f o r c e s  produce 

S i n c e  m i r r o r - p o i n t  h e i g h t s  u s u a l l y  d i f f e r  (41) 
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Various sugges t ions  have appeared sugges t ing  t h a t  e l e c t r i c  

f i e l d s  assist i n  loading new p a r t i c l e s  i n t o  t h e  Van Al len  r a d i a t i o n  

b e l t s ,  e.g., see Vest ine (52) or  Akasofu and Chapman. (51) I n  fact ,  

i n  a t  least one theory  of magnetic storms due t o  Alfve'n, (53) i t  i s  

shown t h a t  many d e t a i l s  o f  magnetospheric phenomena can be expla ined  

by us ing  e l e c t r i c  f i e l d s .  Alfven imagined t h a t  motion of s o l a r  

streams ac ross  t h e  s o l a r  magnetic f i e l d  gave r ise t o  t h e  r e q u i s i t e  

e l e c t r i c  f i e l d s  i n  t h e  v i c i n i t y  of t h e  e a r t h .  I n  t h e  foregoing  

d i s c u s s i o n  on tho r e s u l t s  of Explorer XIV, we have a l s o  noted t h e  

p o s s i b i l i t y  of  a broad s c a l e  e l e c t r i c  f i e l d ,  based on Chapman and 

F e r r a r o ' s  c a l c u l a t i o n s  of  t h e  charge d i s t r i b u t i o n  a t  t h e  magneto- 

s p h e r i c  boundary . 
A f e w  comments r e l a t i n g  plasma f low t o  e l e c t r i c  charges  on t h e  

magnetosphere boundary seem appropr ia te .  

t h a t  t h e  fundamental equa t ion  governing t h e  motion of a low energy 

plasma i n  t h e  magnetosphere i s  E t v x B = 0, where lo s ses  and 

conduct ion i n  t h e  ionosphere are neglected.  

a knowledge of v and i n  a hydromagnetic medium. The only q u a n t i t y  

known i n  even i ts  g r o s s e r  a spec t s  i s  the  ma in - f i e ld  dominated term E, 
and as F e j e r  has remarked, (18) i n  the  ou te r  magnetosphere E i s  

dominated by t h e  presence of cu r ren t s  i n  t h e  boundary and hence becomes 

d i f f i c u l t  t o  i nc lude  i n  a q u a n t i t a t i v e  theory.  It i s  c l e a r  t h a t  t h e  

boundary cond i t ions  f o r  t h e  charge y i e l d i n g  E are unce r t a in .  The 

charge d i s t r i b u t i o n  descr ibed  i n  I11 seems a b l e  t o  supply a d i s t r i -  

b u t i o n  of e l e c t r o n s  resembling tha t  of Van Allen and h i s  co l leagues .  

But t h e  e l e c t r o n  f l u x  d i s t r i b u t i o n  could,  i n  p r i n c i p l e ,  be supp l i ed  

by o t h e r  charge d i s t r i b u t i o n s .  For example, t h e  Axford and Hines 

c i r c u l a t i o n  s h w n  i n  Fig.  10 can be adopted and t h e  charge d i s t r i b u t i o n  

d r i v i n g  i t  can b e  i n f e r r e d .  This  i n  gene ra l  y i e l d s  excess  charge 

i n s i d e  t h e  magnetosphere, and also r e q u i r e s  cons ide ra t ion  o f  t h e  

nonuniform d i e l e c t r i c  cons t an t  of t h e  medium and t h e  d i s t o r t e d  

c o n f i g u r a t i o n  of t h e  magnet ic  f i e l d  E.  

Axford and Hines (24) no te  

We can de r ive  E from 

From t h e  Chapnan-Ferraro charge d i s t r i b u t i o n ,  w e  can c o n s t r u c t  

an ove r s impl i f i ed  model of t h e  supply of p a r t i c l e s  w i t h  plasma d r iven  

forward from f a r  a long t h e  t a i l  of t h e  magnetosphere. Th i s  flaw 
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forward c o n s t i t u t e s  t h e  primary p a r t  of our  " c i r c u l a t i o n "  scheme, 

but  r e t u r n  flow, u n l e s s  o u t s i d e  t h e  magnet osphere (which would r e q u i r e  

modifying t h e  boundary c o n d i t i o n s ) ,  i s  not  permit ted.  Thus t h e  

plasma m u s t  be e i t h e r  dumped o r  i t s  energy d i s s i p a t e d  w i t h i n  t h e  

magnetosphere. T h i s  p i c t u r e  c o n t r a s t s  s t r o n g l y  w i t h  t h e  Axford-Hines 

s i r c u l a t i o n  p a t t e r n  f o r  motions i n  t h e  magnetosphere (Fig.  10) .  

V I .  ConjuRate P o i n t  and Other Ionospher ic  Disturbance Phenomena 

The t i m e  changes of t h e  F-region and E-region d u r i n g  

geomagnetic d i s t u r b a n c e  are of c o n s i d e r a b l e  i n t e r e s t  i n  r a d i o - p h y s i c s  

because of t h e i r  importance i n  r a d i o  connnunications. I t  h a s  only  

r e c e n t l y  come t o  be  r e a l i z e d  t h a t  low energy e l e c t r o n s  i n  t h e  upper 

F-region probably in te rchange  between hemispheres a l o n g  geomagnetic 

f i e l d  l i nes .  T h i s  means t6at e q u a t o r i a l  anomalies i n  t h e  F- reg ion  

r e q u i r e  i n t e r p r e t a t i o n  i n  terms o f  conjugate  p o i n t  l o c a t i o n s ,  a 

matter r e c e n t l y  d iscussed  i n  a c r i t i c a l  review address  by R a t c l i f f e .  

A convenient c h a r t  of conjugate  p o i n t s  g iven  r e c e n t l y  by Kern and 

Vest i n e  

s i m i l a r i t y  as w e l l  as d i s s i m i l a r i t y  i n  c o r r e l a t i o n s  of n o r t h e r n  

and southern hemisphere s t a t i o n s  w i t h  s o l a r  i n d i c e s  have been noted  

(54) us ing  noon va lues  of f F by Mariani , 
1937-1947, and 1947-1957. For l a t i t u d e s  above 55ON or  S maxima 

appear in  l i n e a r  r e g r e s s i o n  c o e f f i c i e n t s  connec t ing  number d e n s i t y  

i n  t h e  F - region w i t h  s o l a r  parameters.  There  are a l s o  i n d i c a t i o n s  

of  a s t rong  number-density dependence i n  t h e  annual  means of  f F 

fo r  near ly  conjugate  s t a t i o n s  i n  t h e  r e g i o n  30N t o  30s. Mariani  

a t t r i b u t e s  t h e s e  e f f e c t s  t o  dumping of r a d i a t i o n - b e l t  e l e c t r o n s  

wi th  energ ies  i n  excess  of 40 kev and f l u x e s  o f  lo5  t o  10  /cm sec 

(energy f l u x e s  t o  loe3  erg/cm ). H i s  estimates are based on 

t h e  measurements o f  low energy e l e c t r o n  f l u x  by O'Brien 

Krasovski i ,  e t  a l .  (57) 

dumping the  p a r t i c l e s .  However, t h e  l o c a l  a c c e l e r a t i o n  of  t rapped  

p a r t i c l e s  i n  t h e  magnetosphere i s  impl ied  by such dumping. 

been ind ica ted  previous ly  by 0 'Brien, (55,56) V e s t i n e ,  (58) Chamberlain,  

Kern, and Ves t ine , (59)  and Ves t ine  and Kern. (60) 

(20) 

i s  presented  i n  F igs .  1 1 A  and B. Some f e a t u r e s  of  (41) 

f o r  two eleven-year  p e r i o d s ,  
0 2  

2 

0 2  

6 2  

2 

and (55,561 

Mar ian i  does n o t  d i s c u s s  mechanisms of 

T h i s  has  

Due t o  t h e  
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2 
1 constancy of a p a r t i c l e ' s  magnetic moment 

i s  t h e  mass of  t h e  p a r t i c l e ,  and v1 i t s  s p i r a l  v e l o c i t y ,  t h e  mi r ro r  

f i e l d  B depends on the  t o t a l  k i n e t i c  energy of a p a r t i c l e .  An 

i n c r e a s e  i n  t h e  v e l o c i t y  of t he  p a r t i c l e  due t o  some a c c e l e r a t i o n  

mechanism means B m u s t  i n c r e a s e ,  hence involves  a lowering of t h e  

m i r r o r  p o i n t ,  and a p o s s i b l e  dumping of  p a r t i c l e s .  P a r t i c l e s  

supp l i ed  t o  t h e  r a d i a t i o n  b e l t s  by t h e  Chapman-Ferraro e l e c t r i c  

f i e l d  across t h e  t a i l  of t h e  e a r t h  are l o c a l l y  a c c e l e r a t e d  by E x 
d r i f t  i n t o  a s t r o n g e r  magnetic f i e l d .  The lowering of mir ror  p o i n t s  

due t o  l o c a l  a c c e l e r a t i o n  may a l s o  b e  d i scussed  us ing  t h e  second (or 

l o n g i t u d i n a l )  a d i a b a t i c  i n v a r i a n t ,  (59) and o the r  features of t h e i r  

dynamics can be c l a r i f i e d .  

= (1/2)m v /B ,  where m 

m 

m 

The v a r i o u s  phenomena a s soc ia t ed  by Mariani  (54) wi th  t h e  

dumping of p a r t i c l e s  are probably modulated by r e g u l a r  s easona l  

changes i n  t h e  o r i e n t a t i o n  of t h e  geomagnetic f i e l d  w i t h  respec t  t o  

t h e  s o l a r  wind as shown i n  F ig .  5. A d i r e c t  e f f e c t  on averages of 

t he  annual  magnetic v a r i a t i o n  is apparent i n  Fig.  12. Season 

dependent changes i n  t h e  F-region have been noted. (61) 

seasona l  v a r i a t i o n  appears  i n  w h i s t l e r s .  (62) There i s  a l s o  a 

s e a s o n a l  e f f e c t  on t h e  polar -cap  d i s t r i b u t i o n s  of S e l e c t r i c  

c u r r e n t s  (Fig.  13),  as noted by Nagata. (63) Some of t h e s e  e f f e c t s  

may be  r e l a t e d  t o  t h e  seasonal  v a r i a t i o n  on t h e  d i s t r i b u t i o n  of 

a b road- sca l e  e l e c t r i c  f i e l d  wi th in  t h e  magnetosphere, 

An i n t e r e s t i n g  

q 

A number of conjugate-poin t  e f fec ts  involv ing  r a p i d  t r a n s i e n t  

changes or  p u l s a t i o n s  i n  t h e  geomagnetic f i e l d  are a s s o c i a t e d  wi th  

t h e  appearance of ionospher ic  changes, o r  with aurora .  Thus, 

H ar ang ( 6 4 )  found r e g u l a r  magnetic pu l sa t ions  of some minutes  per iod  

accompanying r a d i o  s i g n a l s  re turned  from t h e  ionosphere.  It  was 

noted  q u i t e  e a r l y  t h a t  p u l s a t i o n s  of a u r o r a l  i l l u m i n a t i o n  on occasion 

have t h e  same per iod  as geomagnetic pu l sa t ions .  Ves t ine  found 

i n t e r v a l s  of 2-second p u l s a t i o n s  by d i r e c t  t h i n g  of an a u r o r a l  

d i s p l a y  t h a t  l a s t e d  n e a r l y  an hour i n  1933.(65) 

t h e s e  phenomena have been explored ex tens ive ly  and good c o r r e l a t i o n s  

have been e s t a b l i s h e d  between magnet ical ly  conjugate  s t a t i o n s  by 

I n  r ecen t  years  
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Campbell and Leinbach, (66) Tro i t skaya ,  et aJ., (67) and by Campbell 

and Matsushita.  (68) Geomagnetic p u l s a t i o n s  i n  f i e l d  noted by a 
magnetometer aboard Explorer  X were a l s o  d i scussed  by Ness, e t  al.,  (69) 

and a number of  writers have p resen ted  hydromagnetic t h e o r i e s  of such 
(70,71) pu l sa t ions .  

Ionospheric  e f f e c t s  have a l s o  been d i scussed  us ing  models of 

s o l a r - c y c l e  v a r i a t i o n s  i n  t h e  upper atmosphere. (72’73) There  are 

a l s o  e f f e c t s  due t o  storms such as t h o s e  observed by J a c c h i a  (7 3, and 

Paetzold and Zschoerner.  (74) 

An ex tens ive  series o f  papers  d e a l i n g  wi th  g e n e r a l  a s p e c t s  of 
(63,7 5-78,79-85) ionospher ic  storms i n  t h e  F-region has  appeared. 

These r e s u l t s  w i l l  not  be  cons idered  i n  d e t a i l  he re .  

gene ra l ,  cons ide rab le  temporal agreement between e f f e c t s  no ted  i n  

t h e  F-region and t h o s e  i n  geomagnetic storms. 

about 200 km, t h e  s torm e f f e c t s  are less pronounced. I n  t h e  F- reg ion  

a th ickening  occurs  on t h e  f i r s t  day o f  a s torm,  and t h e r e  i s  o f t e n  

l o s s  of i o n i z a t i o n  later,  perhaps due t o  ionosphe r i c  hea t ing .  

g iven  by S omay a j u lu . (85) H e  d e a l t  e s p e c i a l l y  wi th  e f f e c t s  no ted  

dur ing  t h r e e  seve re  magnet ic  s torms.  An i n t e r e s t i n g  f e a t u r e  w a s  

t h e  noontime depress ion  i n  t h e  h e i g h t  of t h e  F2 m a x i m u m  of  about  

100 km at  Washington, D. C . ,  on t h e  s torm days as compared w i t h  

q u i e t  d a y s ;  o t h e r  changes are i n d i c a t e d  i n  Fig. 14. 

Matsushi ta  

t he  t o t a l  ion  conten t  i n  a v e r t i c a l  column of  u n i t  area, and t h e  

e l e c t r o n  con ten t  below v a r i o u s  h e i g h t s  o f  t h e  ionosphere.  

t h e s e  data according t o  s torm t i m e  and S D  v a r i a t i o n s  at 8 s t a t i o n s .  

E lec t ron -dens i ty  p r o f i l e s  on bo th  s torm and magne t i ca l ly -qu ie t  days 

were p lo t t ed  a g a i n s t  he igh t  and l a t i t u d e .  

most of the results i n  middle  l a t i t u d e s  s e e m  e x p l i c a b l e  i n  terms Of 

e l e c t r i c  f i e l d s  of po la r  e l e c t r o j e t s ,  o p e r a t i n g  on t h e  ionosphere  

i n  combination w i t h  t h e  geomagnetic f i e l d .  For  t h e  s torm-t ime 

v a r i a t i o n ,  Ma t sush i t a  found an apparent  i n c r e a s e  i n  i o n i z a t i o n  

occurr ing above t h e  maximum h e i g h t  o f  t h e  F- reg ion  a t  t h e  beginning  

There  i s ,  i n  

Up t o  a h e i g h t  of  

A r e c e n t  review of sme s torm e f f e c t s  i n  t h e  F-region has  been 

For 42 s torms ,  

s t u d i e d  average a s p e c t s  o f  t h e  e l e c t r o n  d e n s i t y  N, (83) 

H e  analyzed 

For t h e  SD v a r i a t i o n s ,  
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of t h e  main phases of  storms. 

d i f f u s e  dawn t h e  magnetic f i e l d  l i n e s  and, under i n f l u e n c e  of 

g r a v i t y  and p r e s s u r e  g r a d i e n t s ,  move t o  reg ions  above low- la t i t ude  

s t a t i o n s .  I n  s l i g h t l y  h ighe r  l a t i t u d e s  a r a p i d  decay process  

H e  sugges t s  t h a t  t h i s  i o n i z a t i o n  may 

a s s o c i a t e d  w i t h  tempera ture  inc reases  i n  t h e  upper F- reg ion  i n  

summer may occur. (20,841 

The f i n a l  f i g u r e  (Fig. 15>, shuwing v a r i a t i o n s  i n  phase h e i g h t  
of  16 k c / s e c  waves, h a s  been discussed by R a t c l i f f e  and Weekes. (84 )  

The e f f e c t s  shown have been i n t e r p r e t e d  i n  terms of change i n  D-region 

h e i g h t .  

a f t e r  f i e l d  of storms t h e r e  are n ight t ime changes of s p e c i a l  i n t e r e s t .  

The f i g u r e  a l s o  shows t h a t  du r ing  storms and dur ing  t h e  
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Fig .  1 Successive equatorial sect ions of the 

surface of advancing stream 

(af ter  Chapman and Ferraro) 
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TO THE SUN - 
- 
STREAM 

Fig. 2 Equatorial section of magnetospheric boundary 

(af ter  Chapman and Ferraro) 
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Fig .  3 Extens ion  of the gene ra l  s o l a r  f i e l d  by 

a n  i d e a l i z e d  uniform quiet-day s o l a r  wind of 

300 km/sec i n  t h e  s o l a r  e q u a t o r i a l  p l ane  

( a f t e r  Parker )  
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1943 SEPT. 26 

24 h Oh 5h 
1943  OCT. 2 4  
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24 h Oh 3h 

1943 DEC.16 
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I 

Oh 5h I 
1944 FEB. 7 24  h 

Fig .  4 Tracings from t h e  records  of t h e  h o r i z o n t a l  component of 

the e a r t h ' s  magnetic f i e l d  recorded a t  Mount Wilson, showing 

p o r t i o n s  a t  t h e  t i m e  of s i x  ab rup t  o n s e t s  

(after Wulf and Nicholson)  
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F i g .  5 Form of boundary of magnetosphere i n  the  mer id ian  p l ane  

c o n t a i n i n g  d i p o l e  a x i s  and sun-ear th  l i n e ,  w i n t e r  s o l s t i c e  
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@ Uniform B 
E 

Approximately uniform drift 

F i g .  7 Schematic r ep resen ta t ion  of t y p i c a l  p a r t i c l e  o r b i t s  and 

magnitude of e l e c t r i c  f i e l d  i n  a dense beam of  ions  and 

e l e c t r o n s  c r o s s i n g  a magnetic i nduc t ion  B .  The beam 
i s  assumed t o  be th ick  i n  t h e  B-di rec t ion .  

( a f t e r  Rose and Clark)  
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Proton sheet f (positive) 

Fig.  8 P o l a r i z a t i o n  of r a d i a t i o n  i n c i d e n t  i n  t h e  a u r o r a l  

zone and H a l l  conduct ion  p o l a r - e l e c t r o j e t  c u r r e n t s  

( a f t e r  Kern) 
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SOLAR WIND 

ENERGETIC 
ELECTRONS PROTONS \ 

Fig. 10 Theoretical circulation of the magnetosphere 

(after Axford and Hines) 



Fig.  11A Conjugate points derived 

from the analysis of Vestine and 

Sibley; southern hemisphere points 

conjugate with uniform grid of 

northern hemisphere points (auroral 

isochasms are shown) 

0 
E-W 

Southern hemisphere 
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Fig. 11B Conjugate points derived 

from the analysis of Vestine and 

Sibley; northern hemisphere points 

conjugate with uniform grid of 

southern hemisphere points 

Southern  h e m i s p h e r e  
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Fig .  13 The additional s u n l i t  polar cap current 

pattern. Sq(SP) (Electric  current 4 between 

adjacent l i n e s  i s  2 x 10 amp) 

(after Nagata) 
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Fig. 14 D s t  v a r i a t i o n s  of t h e  maximum e l e c t r o n  

d e n s i t y  of t h e  f region (broken line) and 

t h e  h(0.9NmF) d u r i n g  s torms  

( a f t e r  Somayajulu) 
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Fig. 15 Variations i n  phase height of waves of frequency 

16 kc/sec.  Observed at  Cambridge, 1956 

(after Ratcl i f fe  and Weekes) 
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